Magnetic excitations in Cs2CuBr4, a spin-1/2 antiferromagnet with a distorted triangular lattice, are probed by means of high-field electron spin resonance (ESR) spectroscopy. We show that the high-energy excitation spectrum of this material is not appreciably affected by the 3D ordering, indicating the presence of strong quantum fluctuations competing with the magnetic order down to well below TN . Such a behavior is consistent with the quantum spin-liquid scenario with the spin dynamics determined by short-range-order correlations (presumably of 1D nature, albeit being strongly influenced by frustrated interchain interactions). The observation of three ESR branches is in a prefect agreement with a general phenomenological macroscopic theory, predicting the presence of three Goldstone modes (two gapped and one gapless) as a consequence of the complete breaking of the rotational SO(3) symmetry in anisotropic spin systems with a noncollinear ground state.
Magnetic excitations in Cs2CuBr4, a spin-1/2 antiferromagnet with a distorted triangular lattice, are probed by means of high-field electron spin resonance (ESR) spectroscopy. We show that the high-energy excitation spectrum of this material is not appreciably affected by the 3D ordering, indicating the presence of strong quantum fluctuations competing with the magnetic order down to well below TN . Such a behavior is consistent with the quantum spin-liquid scenario with the spin dynamics determined by short-range-order correlations (presumably of 1D nature, albeit being strongly influenced by frustrated interchain interactions). The observation of three ESR branches is in a prefect agreement with a general phenomenological macroscopic theory, predicting the presence of three Goldstone modes (two gapped and one gapless) as a consequence of the complete breaking of the rotational SO(3) symmetry in anisotropic spin systems with a noncollinear ground state. A spin-1/2 Heisenberg antiferromagnetic (AF) chain with uniform nearest-neighbor exchange coupling represents one of the most important paradigms of quantum magnetism. Its ground state is a spin singlet, and the spin dynamics is determined by a gapless continuum of spin-1/2 fractionalized quasiparticle excitations, commonly referred to as spinons. The existence of the two-spinon continuum in one-dimensional (1D) spin-1/2 Heisenberg AF chains was unambiguously confirmed by means of inelastic neutron scattering [1] . The presence of spinons was established even in more complex magnetic structures, e.g., in frustrated spin systems with nominally 2D structure [2] . Inelastic neutron scattering experiments in Cs 2 CuCl 4 , a spin-1/2 AF with a distorted triangular lattice, revealed the presence of a highly dispersive spinon-like continuum of excited states, which was initially regarded as a signature of a 2D quantum spin liquid [2] . Later on, the data have been consistently interpreted in the frame of the 1D spin-liquid scenario [3, 4] , assuming the presence of interchain bound spinon states (triplons) formed through a hopping process between chains coupled via frustrated exchange interactions and responsible for the transverse dispersion revealed in experiments [2] . Electron spin resonance (ESR) studies of Cs 2 CuBr 4 provided additional evidence for the proposed 1D spin-liquid model, with the uniform DzyaloshinskiiMoriya (DM) interaction playing a crucial role [5] .
Similar to Cs 2 CuCl 4 , the isostructural compound Cs 2 CuBr 4 realizes a distorted triangular lattice with estimated exchange ratio J ′ /J ∼ 0.5 − 0.7 and J/k ∼ 10 K [6] [7] [8] [9] [10] , where J and J ′ are exchange interactions along horizontal and diagonal (zigzag) links of the triangles, respectively ( Fig. 1, inset) . The coupling between the triangular lattice planes is considered to be very weak (∼ 0.05J), by analogy with Cs 2 CuCl 4 [11] . At T N = 1.4 K, Cs 2 CuBr 4 undergoes a transition into a helical incommensurate (IC) long-range-ordered state [6] . Compared to J ′ /J = 0.34 for Cs 2 CuCl 4 [11] , the J ′ /J ratio for Cs 2 CuBr 4 is somewhat larger, which moves this compound further away from the decoupled 1D AF chain limit and makes it more frustrated. This difference is thought to be related to the 1/3 magnetization plateau [12] and the cascade of field-induced phase transitions [13] observed in this compound. In spite of intensive theoretical [14] [15] [16] [17] [18] [19] and experimental studies of Cs 2 CuBr 4 [6-8, 12, 13, 20, 21] , very little is known about its spin dynamics. There is no clear understanding of the nature of magnetic excitations below T N , even in zero field. Inelastic neutron scattering studies have been reported in Ref. [7] . Unfortunately, due to the limited spectral resolution many important details of the excitation spectrum in Cs 2 CuBr 4 appear missing. No information on the spin dynamics in the magnetically disordered phase (T > T N ) is available up to date.
In this Letter, we report new effects in Cs 2 CuBr 4 evidenced by its anomalous spin dynamics. In particular, we revealed that the high-energy magnetic excitation spectrum of this material is determined by short-range-order spin correlations, which are shown to be stable against the magnetic order down to well below T N . A substantial zero-field gap, ∆ ∼ 10 K, is observed in the ESR excitation spectrum. Contrary to the isostructural ma-terial Cs 2 CuCl 4 , the size of the gap in Cs 2 CuBr 4 can not be explained solely by the Dzyaloshinskii-Moriya interaction, illuminating the important role of frustrated interchain interactions. The observation of three modes is in excellent agreement with the phenomenological macroscopic theory, giving a firm experimental support to a long-standing prediction based on general symmetry considerations for a spin system with a noncollinear ground state.
Cs 2 CuBr 4 single crystals (with orthorhombic crystal structure and space group P nma) were synthesized by slow evaporation of aqueous solutions of CsBr and CuBr 2 . The room-temperature unit-cell parameters (a = 10.171(2)Å, b = 7.946(2)Å, and c = 12.912(2)Å) are in good agreement with previously published powder x-ray diffraction data [22] . Experiments were performed using several high-field ESR spectrometers, including a 25 T resistive-magnet ESR spectrometer [23] , pulsed-field and superconducting-magnet ESR installations at the Dresden High Magnetic Field Laboratory (Germany) and Osaka University (Japan).
A single-line ESR absorption was observed in the para-
On the other hand, a pronounced evolution of the ESR spectrum was observed upon cooling.
As mentioned, at T N = 1.4 K Cs 2 CuBr 4 undergoes a transition to a 3D magnetically ordered phase. Typically, transitions to magnetically ordered phases are accompanied by a significant ESR line broadening in the vicinity of T N (see, e.g., [24] [25] [26] [27] and references therein). Such a behavior is a signature of enhanced 3D short-range-order spin correlations when approaching the transition to the long-range ordered state. Contrary to that, no critical behavior of the ESR linewidth (measured at a frequency of 295.2 GHz, Fig. 1, circles) was observed in the vicinity of T N , clearly indicating that the high-energy excitation spectrum in Cs 2 CuBr 4 is not substantially affected by the 3D ordering. With decreasing temperature the ESR peak shifts towards lower field; such a behavior is observed well above T N (Fig. 1, squares) . This shift can be regarded as the beginning of a smooth transition from paramagnetic to the spin-correlated state, opening eventually a lowtemperature gap in the ESR excitation spectrum. This gap has been observed in our experiments.
The frequency-field diagram of magnetic excitations in Cs 2 CuBr 4 measured in the temperature range 0.4 -1.5 K with magnetic field, H, applied along the b axis is shown in Fig. 2 . Corresponding examples of ESR spectra are presented in Fig. 3 . A single gapped mode (labled B) was observed, whose frequency-field dependence can be described using the equation:
where ω B is the resonance frequency,h is the Planck constant, µ B is the Bohr magneton, the effective g factor g * = 2.09, and ∆ is the gap. The best fit was obtained using ∆ = 199(3) GHz (which corresponds to 9.5 K on the temperature scale) for T = 1.5 K and ∆ = 209(3) GHz (10 K on the temperature scale) for T = 0.4 K.
It is important to mention that the transition from the magnetically disordered to the ordered state at T N does not affect the ESR excitation spectrum, leaving the size of the gap (or more generally, the high-energy part of the excitation spectrum) almost unchanged. Similar properties were observed in the isostructural compound Cs 2 CuCl 4 and quasi-1D spin chain systems CsNiCl 3 and KCuF 3 with a high-energy spin dynamics determined by strong 1D effects [28] [29] [30] [31] [32] . Such a coexistence of a 3D magnetically ordered ground state and strongly fluctuating excited states regaining the 1D character appears to be a generic feature of quasi-1D spin systems located in the close vicinity to a quantum critical point, separating a 1D quantum-disordered spin liquid and 3D magnetically ordered phases [30] . Our observations are consistent with the ESR linewidth dependence, showing no sign of a critical behavior in the vicinity of T N . Instead, the ESR linewidth exhibits a pronounced increase with increasing temperature up to T ∼ J/k B (Fig. 1, circles) ; the observed behavior is in agreement with results of ESR theories for spin-1/2 Heisenberg AF chain systems with exchange anisotropy [33, 34] . For H a and H c, two pairs of ESR modes (A and A ′ , C and C ′ ) were observed; the corresponding frequencyfield dependences at T = 1.5 K are shown in Fig. 4 . Upon rotating the sample, the modes A, A ′ and C, C ′ merge into the single mode B at H b (not shown here), which makes this direction special. As mentioned, at T N = 1.4 K, Cs 2 CuBr 4 undergoes a transition into the helical IC long-range-ordered state with ordering vector q 0 = (0, 0.575, 0) (i.e., with the IC vector pointing along the b direction) [6, 12] . On the other hand, similar to Cs 2 CuCl 4 , the axis b is the only direction where the uniform DM vector has no components. A pronounced anisotropy of magnetic properties of Cs 2 CuBr 4 was revealed also in magnetization measurements [12] . Overall, the ESR properties of Cs 2 CuBr 4 (e.g., ESR gap, angular dependence, and frequency-field diagram) in many respects appear very similar to those observed in Cs 2 CuCl 4 [5] . On the other hand, contrary to Cs 2 CuCl 4 , the size of the gap in Cs 2 CuBr 4 cannot be explained solely by the DM interaction, which in accordance to the expression D ≈ (∆g/g)J [35] (where ∆g is the deviation of the g factor from the free electron value) is supposed to be of the order of ∼ 10 − 20% of J. This strongly suggests that, compared to Cs 2 CuCl 4 , the effect of frustrated interchain interactions on the spin dynamics (and more generally, on the magnetic properties) in Cs 2 CuBr 4 is much more important. Such interactions could imply also the emergence of interchain spinon bound states, similar to that observed in Cs 2 CuCl 4 [3] . A detailed interpretation of the ESR excitation spectrum in Cs 2 CuBr 4 (including the observed ESR gap and frequency-field diagrams) remains an open question, calling for a systematic theoretical work, capable to describe the highly unusual spin dynamics in this frustrated spin system. Now, we would like to switch gears and to discuss another interesting topic directly related to our observations. In spite of intensive theoretical studies, the description of the spin dynamics in magnets with a cooperative ground state remains a challenge (for a review see [36] ). Very often, a complex magnetic structure is treated as a system of interpenetrating ferromagnetic sublattices (or magnetic moments); each of them can be described by the Landau-Lifshitz equation [37] . Such a phenomenolog-ical approach developed about five decades ago [38] [39] [40] is proven to be often very efficient, but, on the other hand, it has a serious limitation: it works well only for relatively simple magnetic structures with large (classical) spins.
The idea to create a universal theory, capable to describe the spin dynamics in any magnetic structure goes back to 1976 [41] . The phenomenological theory based on very general symmetry considerations suggests that the macroscopic spin dynamics of a spin structure (no matter how complex it is) can be described by not more than three mutually perpendicular magnetic vectors. As a consequence, not more than three low-energy (Goldstone) spin-wave modes are expected in the limit k → 0. This follows from the complete (or partial) spontaneous breaking of the rotational SO(3) symmetry.
The low-energy excitation spectrum of a simple collinear two-sublattice AF is typically characterized by two low-energy modes; this statement coincides with results of the phenomenological theory [38] [39] [40] . The situation for noncollinear spin systems (it includes spin glasses and geometrically frustrated magnetic structures) is somewhat more complicated [41] [42] [43] , but even in these systems only three Goldstone modes (two transverse and one longitudinal) can be expected. Three ESR modes were observed, e.g., in the spin-5/2 moncollinear twelvesublattice AF Mn 3 Al 2 Ge 3 O 12 with a garnet structure [44] .
Remarkably, in contrast to the fully isotropic case a uniaxial anisotropy removes the degeneracy, making the transverse modes gapped, but leaving the longitudinal branch gapless (in the relativistic approximation). Magnetic field splits the transverse modes. This situation was theoretically studied in the pioneering work of Barnes [45] for spin systems with a spin-glass ground state, whose description, in particular in magnetic field, is equal to that for noncollinear spin systems with magnetically ordered or disordered state [42] . No experimental confirmation of this statement has been obtained so far.
Cs 2 CuBr 4 is an excellent model system to test this prediction. It is geometrically frustrated, with a noncollinear (distorted triangular) magnetic structure, and anisotropic. Three modes were observed in our experiment, which agrees perfectly with theory [41] [42] [43] . The presence of one gapless mode, C ′ , with the frequencyfield dependence given by the equationhω = gµ B H (Fig.  4, b) , and two gapped branches (most nicely seen as modes A and A ′ in Fig. 4, a) is in a perfect agreement with predictions for noncollinear systems with uniaxial anisotropy [45] . Thus, in accordance to the theory, the origin of zero-field ESR gaps observed in Cs 2 CuCl 4 and Cs 2 CuBr 4 should be directly related to the anisotropy. Since Cs 2 CuBr 4 is more frustrated than Cs 2 CuCl 4 , the effect of anisotropy in Cs 2 CuBr 4 appears to be significantly enhanced by the frustration. It is worth to mention that the phenomenological theory [41] [42] [43] has recently received its further development, in particular, for the case of high magnetic fields [46, 47] .
In conclusion, the present high-frequency ESR studies of Cs 2 CuBr 4 reveal its remarkable spin dynamics: In spite of the 3D magnetically ordered ground state realized in Cs 2 CuBr 4 below T N , the high-energy excitation spectrum demonstrates properties of the quantum spin liquid (similar to that observed in some quasi-1D systems). On the other hand, a substantial gap, ∆ ∼ 10 K, was revealed in the ESR excitation spectrum, suggesting the importance of frustrated interchain interactions. The observation of three ESR modes (two gapped and one gapless) is in excellent agreement with general phenomenological theory, predicting the presence of three Goldstone modes as a consequence of the complete breaking of the rotational SO(3) symmetry in spin systems with noncollinear magnetic structures and indicating, on the other hand, the key role of anisotropy effects on the spin dynamics of Cs 
